Current climate change predictions hint to more frequent extreme weather events, including extended droughts, making better understanding of the impacts of water stress on trees even more important. At the individual plant level, stomatal closure as a result of water deficit leads to reduced CO 2 availability in the leaf, which can lead to photo-oxidative stress. Photorespiration and the Mehler reaction can maintain electron transport rates under low internal CO 2 , but result in production of reactive oxygen species (ROS). If electron consumption is decreased, upstream photochemical processes can be affected and light energy is absorbed in excess of photochemical requirements. Trees evolved to cope with excess energy and elevated concentration of ROS by activating photoprotective and antioxidative defence systems. The meta-analysis we present here assessed responses of these defence systems reported in 50 studies. We found responses to vary depending on stress intensity, foliage type and habitat, and on whether experiments were done in the field or in controlled environments. In general, drought increased concentrations of antioxidants and photoprotective pigments. However, severe stress caused degradation of antioxidant concentrations and oxidation of antioxidant pools. Evergreen trees seemed to preferentially reinforce membranebound protection systems zeaxanthin and tocopherol, whereas deciduous species showed greater responses in water-soluble antioxidants ascorbic acid and glutathione. Trees and shrubs from arid versus humid habitats vary in their antioxidative and photoprotective defence responses. In field experiments, drought had greater effects on some defence compounds than under controlled conditions.
Introduction
Drought is a globally important abiotic factor limiting tree growth, with acute drought events commonly causing forest and woodland dieback (Allen et al. 2010) . Drought may become more severe and more prevalent with predictions of raising global air temperatures and, locally, decreasing rainfall, especially in areas where problems with water supply already exist (IPCC 2007) . Predictions are that more areas may become affected by drought and, as a result, forest health, growth and productivity may be impaired (IPCC 2007) . Potential adaptive management may include the preferred selection of more tolerant species or genotypes in some areas (Marris 2009 ).
The determination of the degree of drought tolerance of tree and shrub species, or of genotypes within species, is currently not straightforward, especially if selections are desired at a seedling or sapling stage. A number of underlying physiological mechanisms and biochemical compounds have been proposed as markers for drought stress and tolerance, among them antioxidative and photoprotective defence systems (Smirnoff 1993 , Tausz et al. 2004 ). Antioxidative and photoprotective defence systems keep reactive oxygen species (ROS), produced under conditions of photo-oxidative stress, under control.
Upon drought exposure, photo-oxidative stress can occur when stomatal closure restricts CO 2 input into the leaf (Smirnoff 1993 ). Reducing equivalents (NADPH) produced in the light reactions which are not used in carbon fixation can be consumed in alternative pathways such as Mehler reaction or photorespiration, resulting in the production of ROS Medrano 2002a, Asada 2006) . If consumption of reducing equivalents decreases, the imbalances between electron use and energy consumption under continuing light-driven electron transport can cause a situation of 'excess excitation energy' (Flexas and Medrano 2002a , Tausz et al. 2004 , Asada 2006 ). Excess energy in itself as well as the alternative electron transport pathways produce ROS. Reactive oxygen species can disrupt cell membranes, nucleic acids and other cellular functions (Asada 2006, Gill and Tuteja 2010) . Despite their potentially destructive consequences, ROS can also act as signal and sensing factors triggering plant stress responses (Foyer and Noctor 2009) .
Trees can cope with excess excitation energy and photooxidative stress in several ways. Acclimation to high light conditions can include decreased chlorophyll contents, which reduces the amount of light absorbed in the first place (Niinemets 2007) . The thylakoid pigment zeaxanthin is involved in the dissipation of excess energy as heat Medrano 2002a, Demmig-Adams and Adams 2006) . Dissipation of excess energy can minimize the formation of ROS and prevent photoinhibition. If energy dissipation is insufficient, ROS generation in the photosynthetic membranes or as a result of photorespiration or the Mehler reaction can be enhanced (Noctor et al. 2002 , Tausz et al. 2004 .
Reactive oxygen species are detoxified by antioxidants, and both antioxidants and ROS have important role in signalling pathways in response to stress (Munné-Bosch et al. 2012 ). Low-molecular-weight antioxidants (carotenoids, ascorbic acid, glutathione and α-tocopherol) function as alternative electron acceptors (Tausz et al. 2004) . These antioxidants are involved in essential and complex pathways, where excess energy is eliminated and ROS detoxified (Foyer and Shigeoka 2010) . While antioxidants can serve as chemical reductants, their functions and their regeneration are also linked in enzymatic cycles, such as the ascorbate-glutathione cycle where ascorbic acid is regenerated by glutathione (Foyer and Noctor 2011) . Ascorbic acid has a role in conversion of zeaxanthin in the xanthophyll cycle and also in the regeneration of α-tocopherol, a membrane-bound lipophilic antioxidant Shigeoka 2010, Munné-Bosch et al. 2012) . Besides taking part in scavenging of ROS, α-tocopherol functions as a stabilizer of cell membranes (Munné-Bosch and Alegre 2002). Glutathione and ascorbic acid are near-ubiquitous water-soluble antioxidants and they take part in many physiological processes (i.e., growth regulation), apart from their defence role under stress Noctor 2011, Smirnoff 2011) . They are present in two forms: reduced and oxidized (Apel and Hirt 2004, Foyer and Noctor 2011) , which together make up the total pool of the antioxidant. During the removal of ROS, antioxidants are transformed into their oxidized form, and must be regenerated (Apel and Hirt 2004, Foyer and Noctor 2011) . Antioxidants are normally thought to be kept in largely reduced form in plants under nonstress conditions. Increased proportions of the oxidized form may indicate stress conditions (Foyer and Noctor 2011) .
Many studies reported responses of antioxidants and photoprotective carotenoids to stress in general and to drought stress in particular. The concentration of antioxidants can rise with progressing stress, commonly interpreted as a strengthening of defence systems and therefore an indication of acclimation to stress (Smirnoff 1993 , Tausz et al. 2004 ). However, concentrations of antioxidants can also decrease upon stress exposure, possibly when stress becomes more severe, leading to irreversible damage and, potentially, oxidation and depletion of antioxidant pools. In other cases, antioxidant concentrations remained unchanged (Smirnoff 1993 , Tausz et al. 2004 . In addition to the degree of stress experienced, species, tree age, other tolerance (or avoidance) mechanisms that may moderate the degree of photo-oxidative stress experienced under drought, and other factors have been suggested to modify antioxidant responses to stress (Smirnoff 1993 , Tausz et al. 2004 , Sofo et al. 2010 .
Because of numerous and sometimes conflicting reports (Smirnoff 1993 , Sofo et al. 2010 ) about stress responses of antioxidative and photoprotective compounds in leaves of trees, we undertook a meta-analysis of literature reporting on the most ubiquitous low-molecular-weight antioxidants and photoprotectants: ascorbic acid, glutathione, α-tocopherol and protective xanthophylls.
Meta-analysis is a statistical method that allows the joint evaluation of many independent studies using effect size (ES) values, also increasingly used in biological studies and studies on trees in particular (Thomas and Winner 2002, Richards et al. 2010) . We tested the general hypothesis that (i) drought triggers increases in concentrations of antioxidants and photoprotective compounds. We also used moderator variables to explore the following sub-questions: (ii) the response depends on stress intensity with more severe stress causing the defence systems to degrade and oxidize; (iii) trees and shrubs with evergreen foliage withstand drought better than deciduous species and this is reflected in different responses of defence systems to drought; (iv) defence system responses to drought differ between species from humid and those from arid habitats; and (v) results vary depending on whether experiments are done on potted trees under controlled conditions (chambers, glasshouses) or under field conditions.
Materials and methods

Sourcing of articles
Data for meta-analysis were collected from the Web of Science (ISI, Web of Knowledge) and the Academic Search Complete (EBSCO) using combinations of search terms such as ascorb*, glutathio*, tocophe*, xanthophyll*, antioxida*, drought*, water stress, desiccation, tree*, shrub* and scientific names of species. Reference lists of retrieved articles were screened to identify additional research papers. Only papers written in English were considered. The analysis was confined to shrubs and trees. Articles that reported at least one of the following parameters in leaves (or leaf analogues) in response to drought were considered: concentrations of total ascorbic acid (Asc t ), ratio of oxidized form to total (DHA%), total glutathione (GSH t ), ratio of oxidized form to total (GSSG%), α-tocopherol, xanthophyll pool (VAZ, sum of violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z)) and zeaxanthin. All investigated articles stated that samples for zeaxanthin determination were collected at midday. The literature search was completed in December 2011. Focusing solely on accessible sources of publications, no contact was made with individual authors to potentially identify or source additional non-published data.
In total, 50 studies on 62 species were analysed in detail, with some reporting results on more than one species, or more than one drought treatment level (see Appendix available as Supplementary Data at Tree Physiology Online). Species reported in collected articles covered a number of foliage types (classified in needle-leaved evergreen conifers, evergreen broadleaves, semi-deciduous and deciduous broadleaves) from contrasting habitats (classified as 'arid' and 'humid'). Experiments that were conducted either in the field or under glasshouse conditions were considered. Some studies reported results from multiple growing seasons, which we included in our analysis. Where combined stress factors were investigated, we included results from all drought-stressed trees, considering drought stress alone or in combination with other stress factors. Stomatal conductance, leaf water potentials or relative water content (RWC) values were used to assess drought intensity. Where none of these parameters was reported, a statement from the author about drought intensity was also deemed acceptable; otherwise, drought intensity was classified as 'unknown'. Articles without appropriate information were rejected for the analysis of moderating factors in question (foliage type, habitat, drought intensity and experimental system).
Input values for meta-analysis
Means, standard deviations or standard errors, sample sizes and P-values were extracted from text, tables or graphs. Data from graphs were obtained by using free software Engauge Digitizer (Version 4.1 (c) 2002 by Mark Mitchell). Where possible, concentrations of oxidized and reduced forms of antioxidants and their sum (total concentration) were calculated. Two separate SD values were combined according to Currell (2000) .
For the purpose of this analysis, antioxidant concentrations were expressed per milligram leaf dry weight, and, in some cases, had to be converted from fresh weight, leaf area or leaf chlorophyll-based values. Where information on specific leaf area, leaf water content or leaf chlorophyll concentrations was not reported in the study in question, information from other published articles on the same species under similar experimental conditions was used. Where P-values were not reported, but reference made to statistical significance, it was assumed that P for a statistically significant difference was 0.049 and for not significant differences 0.99. P-values were assumed to refer to two-tailed tests. Where a paper reported sample size as a range between two extremes, the average between the extremes was used.
One dataset consisted of means, standard deviations and sample sizes for drought and control treatments. It was possible for one article to result in more than one dataset, depending on the number of species or stress intensity levels investigated. Where articles reported consecutive measurements over time with progressing stress intensity, separate datasets were created for different stress levels attained, e.g., from mild to severe over time.
Reported antioxidant concentrations varied widely among the published studies, which may in part be due to different analytical methods employed in different studies. Such between-study variability in absolute values does not affect the validity of this meta-analysis, as long as analytical methods are consistent within each study.
Meta-analysis
Hedges's g was used as the measure of ES for the difference between droughts stressed and control (well-watered) trees (Turner and Bernard 2006) . Results were corrected for small sample sizes (Turner and Bernard 2006 ). Hedges's g is an ES measure used to compare the results from self-dependent studies, and suitable for studies with small sample size (Rosenthal 1996, Crombie and Davies 2009) . All analyses were done with the software Comprehensive Meta-Analysis (Biostat, Inc., version 2.2.064, Englewood, NJ, USA) using the random model, which allows the assumption that true ES can vary among studies (Borenstein et al. 2009 ).
Datasets were grouped according to (i) drought intensity, (ii) foliage type, (iii) preferred habitat of the species and (iv) experimental system. These groups were used as moderators in the meta-analysis to distinguish ESs across and at different levels of the moderator, in addition to the overall effects.
(i) Drought intensity was classified either by stomatal conductance (Flexas and Medrano 2002b) , leaf water potential (Hsiao 1973 , Flexas and Medrano 2002a , Šircelj et al. 2007 or RWC (Smirnoff 1993 • Leaf water potential as a difference between stressed and control trees:  − 0.1 to −0.5-mild drought stress  − 0.5 to −1.5-moderate drought stress  < −1.5-severe drought stress • RWC:
 >70%-mild drought stress  70-50%-moderate drought stress  50% < -severe drought stress Drought stress intensity classification based on stomatal conductance is considered a useful indicator of stress response and can give indication of drought intensity in terms of plant response even across different species and functional groups (Flexas and Medrano 2002b) . Classification based on leaf water potential is more dependent on plant species and only a good indication of drought intensity in plants of the anisohydric type (Flexas and Medrano 2002a) . In our dataset, only 18% of studies had assessment of drought intensity based on leaf water potential and most of them were anisohydric. The RWC classification method we used were published for species with evergreen foliage (Munné-Bosch and Peñuelas 2004, Sánchez-Díaz et al. 2007 ) and only used for such species in our study. Where such data were not reported, verbal description of drought intensity stated by the authors was used in few cases.
(ii) Foliage type: evergreen conifers, evergreen broadleaves, semi-deciduous or deciduous broadleaves. (iii) Preferred habitat of the species (humid or arid) was identified from the original paper or, where such information was not reported in the article, from generic information about the species (Wilson 2009 , PFAF 2012 . (iv) Experimental system: (semi-) controlled environments (chambers, glasshouse) versus field studies.
Results are presented as 'forest plots'. The central line of the forest plot (0 at the horizontal axis) indicates 'no effect', which means that the treated and control trees are not different from each other (Ried 2006) . Values on the right (positive) side indicate an increase and on the left (negative) side indicate a decrease in the reported parameters under drought stress. Different sizes of the data point markers indicate the weight or the influence of each study (sample size) on the overall effect (Ried 2006) . The bigger the point, the greater the influence of the study or stud (ies) on the overall effect.
Publication bias
A number of issues must be considered in meta-analysis. One of them is publication bias, which is caused by preferences of researches, publishers or editors to publish statistically significant results more often than non-significant ones (Sterne et al. 2011) . Bias may also be a result of searching results in English, which may neglect outcomes solely reported in non-English publications (Gates 2002) . The problem can be also due to screening only electronic databases to find relevant publications and omitting references of papers or other types of publications as additional source of information (Gates 2002) . A number of approaches are recommended to address bias: First, the fail-safe number indicates how many additional studies would be needed to reduce the calculated ES to non-significant level (Orwin 1983 , Møller and Jennions 2001 , Rosenberg 2005 . Harrison (2011) stated that a fail-safe number greater than the number of studies included in the analyses makes it unlikely that missing studies impact the significance level of ES. In our metaanalysis, 85% of all results had a fail-safe number (much) higher than the number of included studies. This means that while publication bias may be present to some extent, our data seem robust. As a caveat, Rosenberg (2005) disputed the value of the fail-safe number, because it is not weighted for each study, whereas weight is important to calculate most of the ES values (Rosenberg 2005 , Harrison 2011 ).
Secondly, funnel plot is another method to check the occurrence of publication bias in a meta-analysis. This is a dot plot with precision (1/standard error) or sample size on vertical axis and effects sizes of studies on horizontal axis (Sterne et al. 2011) . The shape of the funnel plot should be wider on the bottom where it shows small studies, and narrow on the top with larger studies (Gates 2002) . In addition, all funnel plots should be symmetrical (Gates 2002) . Any other shapes or asymmetry can be due to publication bias or additional issues (Gates 2002) . Our results tend towards large studies (top of the plot) with empty spaces at the bottom of funnel plots (smaller studies; data not shown). Asymmetry could be a result of this study's methodology, where almost all datasets had similar sample sizes. Sterne et al. (2011) proposed that in this situation a test for asymmetry is not recommended.
Results
Overall, drought had statistically significant effects on total concentrations of ascorbic acid (Asc t ) and glutathione (GSH t ), α-tocopherol, the total xanthophyll cycle carotenoids (VAZ) and zeaxanthin ( Figure 1 ). Drought had no overall effect on the redox states of ascorbic acid and glutathione. Drought effects on α-tocopherol and the xanthophyll pool were weaker than on ascorbic acid, glutathione and zeaxanthin.
Drought responses of antioxidants and photoprotective pigments dependent on moderating factors
Xanthophyll cycle Drought stress increased the total concentration of xanthophyll (VAZ) under all stress intensities with the greatest effects under mild and very severe stress (Figure 2a) . The concentration of VAZ increased in leaves of all investigated foliage types in response to drought (Figure 2b ). Drought effect was greatest on the xanthophyll concentration in deciduous species (and also conifers and semi-deciduous, where effects were more variable), whereas it was weaker on evergreen broadleaved species. Drought increased the foliar concentration of VAZ in species of both humid and arid habitats but with greater effect on species from humid than arid environments (Figure 2c) . Results in terms of ES were similar in both experimental systems (Figure 2d ).
Responses of foliar antioxidative and photoprotective defence systems to drought 5 Drought had a positive and significant effect on zeaxanthin concentration in trees under mild, severe and very severe stress, but not for moderate stress (Figure 3a) . Leaves of all types showed an increase in zeaxanthin as a result of stress ( Figure 3b ). Drought had the greatest effect on zeaxanthin concentration in leaves of conifers, whereas the drought effect was weaker on semi-deciduous and evergreen broadleaved species. Drought increased zeaxanthin in species from both habitats but more pronouncedly in trees/shrubs from arid areas (Figure 3c) . Stress increased the concentration of zeaxanthin in both experimental systems; observed ES was greater in the field than under glasshouse/chamber conditions (Figure 3d ).
α-Tocopherol
Effects of drought stress on α-tocopherol concentrations were large and positive under moderate and severe stress (Figure 4a ), but insignificant under mild and severe stress. Drought led to a significant increase in α-tocopherol concentration only in evergreen broadleaved species (Figure 4b ). Drought stress significantly increased the foliar concentration of α-tocopherol in species from arid environments ( Figure 4c ) and in field experiments (Figure 4d ).
Ascorbic acid
Stress intensity had a significant influence on the drought response of Asc t in tree leaves. Severe and moderate drought stress led to significant increases in ascorbic acid concentrations (Figure 5a ). Effect sizes for Asc t increased from mild to moderate drought stress, with the greatest effect under moderate stress. The effect of drought was smaller (but still positive) when stress became more severe (severe and very severe). Asc t concentration increased under drought stress in all foliage types but only significantly in deciduous broadleaved trees (the greatest effect) (Figure 5b) . Drought caused the greatest and significant increases in Asc t concentration in species from humid habitats (Figure 5c ) and in field studies (Figure 5d) .
Only under very severe stress was a significant effect on the redox state of ascorbic acid (expressed as % of DHA in total 6 Wujeska et al. (Hedges's g ) and 95% confidence intervals of responses of foliar zeaxanthin concentrations to drought stress grouped according to drought intensity (a), foliage type (b), habitat (c) and experimental system (d). Numbers in brackets indicate the number of input lines represented in each symbol. *P < 0.05; **P < 0.01; ***P < 0.001. ascorbic acid) observed (Figure 6a) . Glasshouse experiments also tended to show significant effect of drought on the redox state of ascorbic acid (Figure 6d ).
Glutathione
Total leaf glutathione concentrations (GSH t ) increased upon drought. The greatest effects were observed under mild and moderate stress (Figure 7a) , and increases were not significant under severe and very severe stress. Drought caused increases of GSH t in deciduous broadleaves, but led to a decrease in concentration of this antioxidant in evergreen broadleaves (Figure 7b ). Only in trees and shrubs from humid habitats (Figure 7c ) and field experiments (Figure 7d ) did GSH concentration increase significantly.
Drought had no statistically significant effect on the redox ratio of glutathione (GSSG%) (data not shown).
Discussion
In this study, drought increased the concentration of all nonenzymatic antioxidants and photoprotective xanthophylls investigated. Drought had a significant and positive effect on the total pool of protective xanthophylls (violaxanthin, antheraxanthin and zeaxanthin) with the greatest effect on zeaxanthin, which mediates heat dissipation (Demmig-Adams and Adams 2006). Drought effects on total ascorbic acid and glutathione concentrations were of similar size to the zeaxanthin response. α-Tocopherol showed significant but smaller (in terms of ES) response to drought than other antioxidants. The response of all investigated antioxidants supports their important roles in dissipating excess excitation energy, cell protection and scavenging of ROS under drought stress.
Responses of non-enzymatic antioxidants to drought can vary due to other factors (i.e., species and stress intensity) (Smirnoff 1993 , Chaves et al. 2003 . We therefore tested the responses of antioxidants to drought as affected by the following moderators: drought stress intensity, foliage type of the species, native habitat of the species and experimental conditions.
Drought intensity
It was hypothesized previously that observed patterns of antioxidative and photoprotective responses may be different depending on stress intensity or duration (Smirnoff 1993, Responses of foliar antioxidative and photoprotective defence systems to drought 7 Figure 4 . Effect sizes (Hedges's g) and 95% confidence intervals of responses of foliar α-tocopherol concentrations to drought stress grouped according to drought intensity (a), foliage type (b), habitat (c) and experimental system (d). Numbers in brackets indicate the number of input lines represented in each symbol. *P < 0.05; **P < 0.01; ***P < 0.001. Tausz et al. 2004 , Munné-Bosch 2005 ). During early stages or upon less severe stress, increased concentrations of antioxidants may reflect increased defence capacity and hence an active acclimation to stress conditions (Tausz et al. 2004 ). More severe stress, however, can cause degradation of defence systems and oxidative damage to cells, marked by decreased concentrations of antioxidants, often in conjunction with increased proportions of the oxidized forms (Smirnoff 1993 , Tausz et al. 2004 ). We tested this hypothesis by using drought intensity as a moderator.
In our analysis, results on α-tocopherol and ascorbic acid (and to some extent glutathione) support this hypothesis. The size of drought effects on these compounds increased from mild to moderate stress, possibly indicating acclimatory response, because greater concentrations of protective compounds may increase defensive capacity (Smirnoff 1993 , Tausz et al. 2004 . With greater stress intensity, drought effects were smaller or became even slightly negative. Chlorophyll concentrations may decrease under drought stress, which would moderate the absorbance of excess light and therefore alleviate photo-oxidative stress (Niinemets 2007) , possibly triggering relaxation of defence systems. But because the oxidized proportion of ascorbic acid increased simultaneously under very severe stress, it is more likely that the antioxidative defence system was overstretched, and cannot prevent oxidative damages (Smirnoff 1993 , Tausz et al. 2004 .
In contrast to antioxidants, the effect of drought on VAZ was a significant increase at all stress intensities with greatest ESs under mild and very severe drought stress. Drought had also a positive effect on zeaxanthin regardless of the drought intensity. This may indicate that enhanced dissipation of excess excitation energy is engaged at mild stress and maintained during more severe stress. However, upon more severe stress, xanthophyll-mediated heat dissipation was apparently insufficient to avoid degradation and oxidation of antioxidant pools.
Questions such as decreased absorbance due to decreased chlorophyll, exposure time versus intensity or rate of stress 8 Wujeska et al. 
Foliage type
Plant responses to drought in general , and antioxidant responses to drought in particular (Smirnoff 1993) , can differ depending on the species and, presumably, on their specific adaptations. It is commonly believed that at a leaf level, evergreen foliage can withstand drought more efficiently than deciduous species. Evergreen foliage is exposed to wider variations in environmental factors and requires greater investment than deciduous leaves (Hallik et al. 2009 , Peppe et al. 2011 . We may therefore speculate that evergreen leaves possess more effective defence systems, for example higher concentration of antioxidants or photoprotective pigments (DemmigAdams and Adams 2006). We tested this hypothesis by using foliage type as a moderator.
Results on zeaxanthin and α-tocopherol indicated a stronger, acclimatory response in evergreen leaves: zeaxanthin, but not the total pool of VAZ, responded more strongly to drought in evergreens (and semi-deciduous species) than in deciduous broadleaved trees. The effect of drought on α-tocopherol was large and significant only in evergreen broadleaves, whereas drought effects on water-soluble antioxidants ascorbic acid and glutathione were smaller in evergreens. We may speculate that evergreen and deciduous foliage employ different strategies: in evergreen leaves, membrane-bound systems respond more pronouncedly, which may curb light absorbance and protect membranes sufficiently to moderate H 2 O 2 production in Mehler reaction or photorespiration. No or even negative responses in ascorbic acid and glutathione may thus indicate that existing concentrations of these antioxidants were sufficient. Deciduous leaves, on the other hand, seemed to preferentially reinforce their water-soluble defence systems, ascorbic acid and glutathione. We may speculate that this is a reflection of increased ROS production affecting the aqueous phases, most probably through H 2 O 2 production. We note that membrane-bound defence systems and water-soluble antioxidants do not operate in isolation but cooperate in complex pathways (Foyer and Shigeoka 2010) . Our results suggest that different strategies Responses of foliar antioxidative and photoprotective defence systems to drought 9 Figure 6 . Effect sizes (Hedges's g) and 95% confidence intervals of responses of the ratio of oxidized to total ascorbic acid (DHA%) to drought stress grouped according to drought intensity (a), foliage type (b), habitat (c) and experimental system (d). Numbers in brackets indicate the number of input lines represented in each symbol. *P < 0.05; **P < 0.001. 
Preferred habitat of the species
It is believed that tree species from arid habitats are better adapted to drought than species from humid environments (Tissier et al. 2004 , Merchant et al. 2007 ), although care must be taken, because some trees employ 'escape' rather than 'tolerance' strategies, for example, deep rooting species that have permanent access to groundwater. Adaptation to drought may depend on more efficient dissipation of excess energy by increased concentration of antioxidants and, perhaps more importantly, more photoprotective pigments (Chaves et al. 2003) . We tested the hypothesis whether antioxidative and photoprotective systems of tree and shrub species from arid habitats respond differently to drought compared with those of species from humid habitats. We tested the hypothesis by using habitat as a moderator.
Results are very similar to comparisons between evergreen and deciduous leaves. Zeaxanthin and α-tocopherol results indicate that these systems respond more strongly to drought compared with species from humid habitats. This could indicate a strong engagement of photoprotection and membranebound antioxidative systems. On the other hand, VAZ, ascorbic acid and glutathione did not respond in trees from arid, but did respond in trees from humid habitats. Within our dataset, there is some overlap between habitat and leaf type, because most deciduous trees are from humid habitats. However, not all evergreen trees in our dataset are from arid environments.
As in most meta-analytical approaches, moderator variables tested here are not necessarily independent of each other-for example, habitat of origin is partly confounded by leaf type as drier habitats tend to have more evergreen species. To resolve this question, direct experiments comparing related species with comparable leaf types will be necessary.
Experimental system
Experimental differences between climate chamber, glasshouses and other types of enclosures, on the one side, and free air field conditions, on the other side, are well known. In particular, pot experiments may produce artefacts that have to be taken into consideration before results can be extrapolated to Figure 7 . Effect sizes (Hedges's g) and 95% confidence intervals of responses of the total glutathione (GSH t ) to drought stress grouped according to drought intensity (a), foliage type (b), habitat (c) and experimental system (d). Numbers in brackets indicate the number of input lines represented in each symbol. *P < 0.05; **P < 0.01; ***P < 0.001. the field (Poorter et al. 2012a) . With respect to drought experiments, pot size restrictions may lead to different drying rates, and enclosures commonly cause significant differences in light intensity and quality along with microclimatic differences when compared with open air (Poorter et al. 2012b ). All of those factors could affect photoprotective and antioxidative systems in drought experiments. We therefore tested the effect of potential chamber artefacts by using the experimental system, field versus glasshouse/chamber system, as a moderator variable.
Our results on zeaxanthin, α-tocopherol, total ascorbic acid, glutathione and the redox ratio of ascorbic acid showed significant differences. Drought had greater effect on antioxidants in trees/shrubs from field experiments, except for DHA (%), where species from glasshouse conditions showed a stronger response. As the extent of drought-related photo-oxidative stress would depend on light intensity, limitations to irradiance may have mediated the response of defence systems. Results on VAZ, i.e., the total pool size of protective xanthophylls, was not affected by enclosure artefacts and showed similar responses to drought under both experimental systems.
Conclusions
•
• Drought increased the concentration of all investigated antioxidants in trees and shrubs.
• • More severe stress appears to lead to a breakdown of defence systems, becoming manifest in decreasing responses to drought of antioxidant concentrations and increased proportion of the oxidized forms of antioxidants.
• • In evergreen leaves, membrane-bound defence systems, such as engagement of zeaxanthin-mediated energy dissipation and α-tocopherol presence, appear to respond more than water-soluble antioxidants (ascorbic acid and glutathione). Deciduous broadleaves in contrast showed mainly responses of water-soluble antioxidants, and such differences may indicate different defence strategies.
• • Trees and shrubs from arid habitats respond predominately with thylakoid-bound systems, whereas responses of watersoluble antioxidants were more prevalent in leaves of species from more humid habitats.
• • Artefacts associated with chambers or glasshouse experiments were detected, as antioxidative responses to drought were more pronounced in free air.
Supplementary data
Supplementary data for this article are available at Tree Physiology Online.
